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Altered Presynaptic Vesicle Release
and Cycling during mGluR-Dependent LTD
presynaptic action potential reflect the probabilistic na-
ture of transmitter release (Katz, 1971). Thus, finding
that the probability of observing a synaptic event in
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response to a presynaptic action potential is enhancedDepartment of Pharmacology
during LTP (Bolshakov and Siegelbaum, 1995b; Kull-Howard Hughes Medical Institute
mann and Nicoll, 1992; Malinow, 1991; Stevens andColumbia University
Wang, 1994) and depressed during LTD (Stevens and722 West 168th Street
Wang, 1995) has been taken as evidence for an increaseNew York, New York 10032
or decrease in the probability of transmitter release,
respectively.
In contrast to the conclusions of quantal analysis,Summary
the postsynaptic “silent synapse” hypothesis provides
a purely postsynaptic mechanism for the changes inThe site of modification of synaptic transmission dur-
transmission during LTP and LTD (Malinow et al., 2000;ing long-term plasticity in the mammalian hippocam-
Nicoll and Malenka, 1999). This hypothesis is based onpus remains controversial. Here we used a fluorescent
the finding that, before induction of LTP, the probabilitymarker of presynaptic activity, FM 1-43, to directly
that presynaptic stimulation elicits an NMDA receptor-image presynaptic function during metabotropic glu-
mediated synaptic response is much greater than thetamate receptor-dependent long-term depression
probability that it elicits an AMPA receptor-mediated(mGluR-LTD) at CA3-CA1 excitatory synapses in acute
response; LTP increases the probability that presynaptichippocampal slices. We found a significant decrease
stimulation elicits an AMPAR response, with littlein the rate of FM 1-43 release in response to synaptic
change in the probability of eliciting an NMDAR re-stimulation following induction of mGluR-LTD, provid-
sponse (Kullmann, 1994; Isaac et al., 1995; Liao et al.,ing direct evidence for altered presynaptic function.
1995). The silent synapse hypothesis suggests thatMoreover, we found that mGluR-LTD causes several
many synapses initially contain only NMDARs and thatchanges in FM dye release properties that are consis-
induction of LTP causes the insertion of AMPARs intotent with a change in the mode of vesicle cycling,
the postsynaptic membrane at these NMDAR-only syn-possibly involving a switch from a full fusion mode of
apses (Luscher et al., 1999, 2000; Shi et al., 1999). Be-release to a “kiss-and-run” mode of release through
cause NMDAR-only synapses will be electrically silentthe transient opening of a fusion pore.
in response to glutamate release, due to the blockade of
the NMDAR pore by external Mg2 (at negative voltages),Introduction
the insertion of AMPARs will increase the number of
synapses that can generate a synaptic response at theLong-term potentiation (LTP) and long-term depression
resting potential (that is, a decrease in the number of(LTD) of excitatory synaptic transmission in the hippo-
silent synapses). This provides a postsynaptic explana-campus are thought to provide the cellular substrates
tion for the basic result that LTP increases the probabil-for certain forms of learning and memory (Braunewell
ity that a presynaptic stimulus elicits a postsynapticand Manahan-Vaughan, 2001; Martin et al., 2000). Al-
response. The decrease in probability of observing athough there is general agreement that LTP at CA3-CA1
postsynaptic response during LTD is thought to reflectsynapses enhances synaptic transmission by increasing
the converse process, the silencing of synapses due to
the probability that a presynaptic action potential elicits
the removal of AMPARs from the postsynaptic mem-
a postsynaptic response, whereas LTD has the opposite
brane (Carroll et al., 1999; Luscher et al., 1999).
effect, the interpretation of these observations is contro- However, other results suggest a presynaptic basis
versial (Atwood and Wojtowicz, 1999; Kullmann and for the selective activation of NMDARs at silent syn-
Siegelbaum, 1995; Malenka and Nicoll, 1999; Malinow apses (Choi et al., 2000; Renger et al., 2001). These
et al., 2000). In particular, it is not clear whether changes studies have found, based on electrophysiological mea-
in the efficacy of synaptic transmission reflect changes surements, that the concentration of glutamate in the
in glutamate release from presynaptic terminals or synaptic cleft during synaptic transmission is lower at
changes in the response of the postsynaptic membrane silent synapses (NMDAR only) than at nonsilent syn-
to a fixed amount of transmitter. Recent advances in apses. The differences in cleft glutamate concentrations
optical imaging now offer the promise of resolving such are proposed to result from different modes of transmit-
uncertainties through direct imaging of presynaptic vesi- ter release. Presynaptic terminals at nonsilent synapses
cle membrane cycling (Malgaroli et al., 1995; Ryan and are proposed to release glutamate through the full fusion
Smith, 1995; Stanton et al., 2001; Zakharenko et al., of a synaptic vesicle with the plasma membrane. In
2001) or postsynaptic receptor trafficking (Hayashi et contrast, silent synapses are thought to release trans-
al., 2000; Luscher et al., 1999; Shi et al., 1999). mitter through a “kiss-and-run” mode of release (Cec-
According to classical quantal analysis, statistical carelli et al., 1973; Henkel and Betz, 1995; Klingauf et al.,
variations in the postsynaptic response elicited by a 1998; Stevens and Williams, 2000) due to the transient
opening and closing of a fusion pore (Alvarez de Toledo
et al., 1993; Klyachko and Jackson, 2002). Because1Correspondence: sas8@columbia.edu
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transmitter efflux through a fusion pore is slower than mGluR-LTD is predominant over other forms of long-
term plasticity (including NMDA receptor-mediated LTDefflux following full fusion, the peak glutamate concen-
and LTP) and so can be studied in relative isolationtration will be lower at synapses that release transmitter
(Bolshakov and Siegelbaum, 1994, 1995a). Stimulationvia a fusion pore mechanism, resulting in the selective
of the Schaffer collateral pathway at 5 Hz for 3 minactivation of the high affinity NMDA receptors over the
induced a long lasting depression in the size of the fieldlow affinity AMPA receptors. According to this model,
EPSP (Figure 1A). We have confirmed that this form ofLTP results from the conversion of synapses from a
LTD requires activation of the type 5 mGluR (Bolshakovfusion pore mode of release to a full-fusion mode of
et al., 2000; Fitzjohn et al., 1999), because the decrease inrelease (Choi et al., 2000).
the field EPSP (fEPSP) after induction of LTD was blockedAlthough direct support for the postsynaptic silent
when the 5 Hz stimulation was applied in the presence ofsynapse model has been provided by the imaging of
MPEP (10 M), a specific mGluR5 antagonist (Figure 1A).GFP-tagged AMPARs (Carroll et al., 1999; Hayashi et al.,
We investigated possible changes in presynaptic vesi-2000), until recently, there has been a lack of comparably
cle cycling kinetics associated with LTD using a protocoldirect evidence for presynaptic changes associated with
similar to one we previously used to examine LTP (Zakh-synaptic plasticity. With the recent development of
arenko et al., 2001) (Figure 1B). FM 1-43 was first loadedmethods for imaging synaptic vesicle cycling in brain
into presynaptic terminals of CA3 neurons by stimulatingslices (Kay et al., 1999; Pyle et al., 1999) through the
the Schaffer collateral pathway at 10 Hz for 2 min in theuse of the styryl dye FM 1-43 (Betz and Bewick, 1993), it
presence of dye (Figure 1B, Load). Any external dye thatis now possible to directly track changes in presynaptic
had not been taken up into terminals was then removedfunction during long-term plasticity. Using this ap-
by bathing the slices in a dye-free solution that con-proach, we recently demonstrated (Zakharenko et al.,
tained the cyclodextrin ADVASEP-7, which binds and2001) that induction of LTP with 200 Hz tetanic stimula-
removes dye from external membranes (Kay et al., 1999).tion enhances the rate of FM 1-43 release from presyn-
Following FM 1-43 washout, we observed a field ofaptic terminals during synaptic stimulation. This leads
brightly fluorescent puncta, the majority of which areto the question as to whether activity-dependent regula-
thought to represent presynaptic boutons labeled withtion of release is bidirectional. Can presynaptic function
dye (Ryan et al., 1993; Zakharenko et al., 2001) (Figurebe downregulated during long-term depression? Al-
1C). After allowing sufficient time (10 min) for the reprim-though Stanton et al. (2001) showed that a chemically
ing of the dye-filled vesicles (Ryan et al., 1993), we deliv-induced form of long-lasting synaptic depression led to
ered a second period of synaptic stimulation, this timea decrease in the rate of FM 1-43 release, it is not yet
at 1.5 Hz for 4 min, to measure the rate of dye unloadingknown whether synaptic activity-dependent forms of
from the terminals (Figure 1B, Unload). We previouslylong-term plasticity are capable of depressing presyn-
showed that the rate of FM 1-43 unloading (measuredaptic function.
as the reciprocal of the half-time [t1/2] of fluorescenceHere we address whether LTD mediated by synaptic
decay) can provide a reliable index of the probability ofactivation of metabotropic glutamate receptors (mGluR)
transmitter release from the presynaptic terminal (Zakh-at CA3-CA1 hippocampal synapses involves altered pre-
arenko et al., 2001). The slices were bathed with blockerssynaptic function. Although previous electrophysiologi-
of NMDA receptors (50 M D-AP5) and mGluR5 (10 Mcal experiments suggested that mGLuR-LTD might in-
MPEP) during the dye loading and unloading stimulationvolve a decrease in transmitter release (Bolshakov and
protocols to prevent induction of synaptic plasticity.Siegelbaum, 1994; Oliet et al., 1997; Watabe et al., 2002),
To examine the effects of LTD on presynaptic func-direct measurements of changes in presynaptic function
tion, we compared FM 1-43 release properties beforeare lacking. Using FM 1-43, and related dyes, to image
and after the 5 Hz LTD induction protocol. Induction ofsynaptic vesicle cycling, we find that induction of
LTD produced three distinct changes in FM 1-43 loading
mGluR-LTD significantly slows the rate of FM dye re-
and unloading properties: (1) there was a reduction in
lease from presynaptic terminals. In addition, we report
the number of boutons that could be loaded with dye;
a series of changes in vesicle cycling that cannot be (2) there was an increase in the number of boutons that
explained simply by a decrease in the probability of were loaded with FM 1-43 but then failed to release dye
vesicle fusion in response to a presynaptic action poten- during the unloading stimulation; and (3) there was a
tial. Rather, our results are consistent with the view that slowing of the rate of FM 1-43 release (or destaining)
mGluR-LTD may involve a switch in the mode of vesicle from those puncta that did release dye upon synaptic
exocytosis from one in which the vesicle completely stimulation. These effects are shown qualitatively in the
fuses with the presynaptic plasma membrane to one in images of Figure 1C and are quantified in Figures 2–4.
which vesicle contents are released by a kiss-and-run The effects of LTD induction on the kinetics of FM
mechanism, involving the transient opening and closing 1-43 release are apparent when the time course of decay
of a fusion pore—the functional inverse of the switch of fluorescence intensity during synaptic stimulation is
previously implicated in LTP (Choi et al., 2000). examined for a large number of individual puncta within
the same microscopic field of a single hippocampal slice
Results (Figures 2A and 2B). We observed a wide range in FM
1-43 destaining rates among boutons, both before and
LTD Induction Alters FM 1-43 Loading and Unloading after induction of LTD. Before induction of LTD, 80%
Properties from Presynaptic Terminals of the labeled boutons released their dye with a relatively
We have studied LTD in acute slices from neonatal mice rapid time course (with a half-time of decay 1 min
during the 1.5 Hz synaptic stimulation). The remaining(postnatal days 4–9), a developmental stage at which
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Figure 1. Effect of Induction of LTD on Load-
ing and Unloading of FM 1-43 in Presynaptic
Boutons
(A) Mean maximal slope of the fEPSP (mean
SEM) as a function of time for slices that un-
derwent 5 Hz stimulation for 3 min in the ab-
sence (control, closed circles) and in the pres-
ence of 10 M MPEP (open circles).
(B) Protocol showing periods of electrical
stimulation, FM 1-43 application, ADVASEP-7
application, and application of D-AP5 (50M)
or MPEP (10 M) (durations not drawn to
scale).
(C) Images of FM 1-43 fluorescence in a single
field in the stratum radiatum of the CA1 region
during dye unloading stimulation before (up-
per three images) and after (bottom three im-
ages) induction of LTD (numbers represent
time in seconds after start of stimulation dur-
ing Unload 1). Left: images of FM 1-43 fluores-
cence taken after loading and just before the
start of the unloading protocol (0 s). Middle:
images taken 65 s after start of the unloading
protocol, a time when the intensity of FM 1-43
fluorescence decreased by 50% (t1/2) for
control slices (i.e., no LTD). Right: images
taken after maximal unloading of FM 1-43 flu-
orescence using prolonged stimulation (1.5
Hz for 4 min followed by 10 Hz for 2 min).
boutons (20%) released dye very slowly, if at all, in rescence decay, which is similar to the rate of FM 1-43
photobleaching.response to the synaptic stimulation, retaining more
than 50% of their initial fluorescence even after 4 min To determine whether or not boutons do indeed fall
into two distinct populations of destaining boutons andof stimulation (at 1.5 Hz). We classify such boutons as
nondestaining boutons. Boutons that release more than nondestaining boutons, we plotted histograms for the
rates of FM 1-43 fluorescence decay (measured as the50% of their dye by the end of the synaptic stimulation
are classified as destaining boutons. reciprocal of the half-time of decay) from individual pun-
cta for 400 boutons from eight separate experiments,Following induction of LTD, the destaining curves
show both a clear increase in the fraction of nondestain- both before (Figure 2D) and after (Figure 2E) induction
of LTD. Both histograms show two distinct peaks, con-ing boutons and a slowing in the rate of dye release
from those boutons that did destain (Figures 2A and sistent with two populations of boutons. One population
with a skewed distribution shows a peak at a rate of2B). The effect of LTD to slow the rate of FM 1-43 release
is readily apparent in a comparison of mean fluores- zero, representing the nondestaining boutons; a distinct
second population with a more Gaussian shape showscence intensity decay curves (from the population of
destaining boutons) before and after induction of LTD a distribution of destaining rates that are significantly
greater than zero, representing the destaining boutons.(Figure 2C). In this particular experiment, we observed
a 36% decrease in the destaining rate following induc- Induction of LTD both increased the number of nonde-
staining boutons (peak at zero) and shifted the distribu-tion of LTD, from 0.0142 s1 to 0.0091 s1. The nonde-
staining boutons showed no change in their rate of fluo- tion of rates for the population of destaining boutons to
Neuron
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Figure 2. Effect of LTD on FM 1-43 Unloading
Kinetics in Individual Slices
(A and B) Time course of FM 1-43 unloading
from individual puncta in a single slice before
([A], n  59 puncta) and 1 hr after ([B], n 
55 puncta) induction of LTD.
(C) The mean time course of puncta unloading
before and after induction of LTD, averaged
over the puncta from panels (A) and (B), re-
spectively. Puncta were divided into two pop-
ulations, destaining boutons (50% loss of
initial fluorescence intensity following 4 min
of stimulation at 1.5 Hz; bottom two curves)
and nondestaining boutons (50% fluores-
cence intensity loss; top two curves).
(D and E) Frequency histograms of unloading
rates (1/t1/2) of individual puncta from eight
slices before ([D], n  502 puncta) and after
([E], n  435 puncta) induction of LTD with 5
Hz stimulation.
lower release rates (p0.05, Kolmogorov-Smirnov test). 50.2  4.9 before induction of LTD to 91.1  10.3 after
induction of LTD (n  8; p  0.05) (Figure 3C1). RelativeOur criterion for defining the two populations, less than
50% dye release during the 4 min, 1.5 Hz stimulation to the total number of boutons that could be loaded
with FM 1-43, the percentage of nondestaining boutons(corresponding to 1/t1/2  0.004 s1), lies in the valley
between the two peaks, both before and after induction increased from 20.5%  1.7% before induction of LTD
to 48.4%  3.8% after induction of LTD, an increase ofof LTD. This both justifies the use of this criterion in
classifying boutons and strongly suggests that the in- 136%. Moreover, the increase was observed in all eight
experiments (Figure 3C1). Finally, despite these markedcrease in number of nondestaining boutons following
LTD does not simply reflect a generalized shift to lower changes, the total fluorescence intensity of the boutons
that loaded FM 1-43 did not change following inductionrelease rates of a single population of boutons. Further
support for this view comes from our finding that, follow- of LTD (Figure 3D1), suggesting no change in the size
of the vesicle pool that is accessible to FM 1-43.ing the initial dye unloading stimulation at 1.5 Hz for 4
min, application of an intense period of synaptic stimula-
tion at 10 Hz for 2 min, identical to the protocol used LTD and Altered FM 1-43 Kinetics Show a Similar
Sensitivity to Pharmacological Agentsto load dye into the boutons during the loading protocol,
caused no further dye release from the nondestaining Is the same molecular process that is responsible for
the induction of LTD of the EPSP also responsible forboutons. These results indicate that the vesicle cycling
mechanisms of nondestaining boutons are fundamen- the changes we observe in FM 1-43 loading and un-
loading? Or are the changes in FM 1-43 characteristicstally different from those of the destaining boutons.
The effects of LTD induction to depress the fEPSP and coincidental to LTD, perhaps reflecting some ongoing
rundown in the slice during repeated stimulation proce-alter FM 1-43 loading and unloading were consistently
observed in all eight experiments in which LTD was dures? To distinguish between these possibilities, we
repeated the FM 1-43 protocols, but with the 5 Hz stimu-examined (Figure 3). On average, the rate of FM 1-43
release (from destaining boutons) was reduced by lation protocol delivered in the presence of pharmaco-
logical agents known to block the induction of LTD.37.5%  3.5% (n  8; p  0.01) from its initial value, 1
hr after induction of LTD (Figure 3A1). The number of We found that application of MPEP (10 M) during the
induction protocol not only blocked LTD of the EPSPboutons that initially loaded with dye was reduced by
25.4% 4.8% (n 8; p 0.05), from a mean of 245.2 (Figures 1A and 4A), but also completely blocked all
three changes in FM 1-43 parameters normally seen in10.6 (boutons within a defined region of interest per
slice) before LTD to a mean of 184.5  16.5 after induc- response to the 5 Hz stimulation (Figures 3A2–3C2 and
4B–4D). Thus, when the LTD induction protocol wastion of LTD (Figure 3B1). The decrease in the number of
loaded boutons was not due to changes in heterosynap- delivered in the presence of MPEP, we observed no
change in: (1) the rate of FM 1-43 destaining (Figurestic activation of recurrent synaptic connections, since
blocking fast transmission with CNQX did not alter FM 3A2 and 4B), (2) the number of boutons loaded with FM
1-43 (Figures 3B2 and 4C), or (3) the number of boutons1-43 staining or destaining (data not shown). Finally the
mean number of nondestaining boutons (per region of that failed to release FM 1-43 following loading (Figures
3C2 and 4D; six out of six experiments). Because theinterest within a slice) increased by 80.6% 6.9%, from
LTD Alters Mode of Exocytosis
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Figure 3. FM 1-43 Loading and Unloading in
Response to the LTD Induction Protocol in
the Absence and in the Presence of MPEP
(A1–D1) Effects on FM 1-43 destaining when
LTD induction protocol was applied in normal
ACSF (absence of MPEP).
(A2–D2) Effects on FM 1-43 destaining when
LTD induction protocol was applied in pres-
ence of 10 M MPEP.
(A) Average rate of FM 1-43 unloading (1/t1/2
values) from destaining boutons measured
before (closed symbols) and after (open sym-
bols) 5 Hz stimulation ([A1], p 0.0001, paired
t test). Each symbol represents the average
rate of FM 1-43 release for 30–80 boutons
from a single slice.
(B) The number of boutons that loaded with
FM 1-43 before (closed symbols) and after
(open symbols) 5 Hz stimulation ([B1], p 
0.01, paired t test).
(C) The number of nondestaining boutons be-
fore (closed symbols) and after (open sym-
bols) induction of LTD ([C1], p  0.01, paired
t test).
(D) Average fluorescence intensity of individ-
ual boutons before (closed symbols) and after
(open symbols) induction of LTD. Average in-
tensity was calculated by dividing total fluo-
rescence intensity of individual boutons by
their area.
stimulation and FM 1-43 loading and unloading proto- mGluR-dependent LTD (Huber et al., 2000) and NMDAR-
dependent LTD (Kauderer and Kandel, 2000). We con-cols were identical in the experiments obtained in the
absence or presence of MPEP, the changes we ob- firmed that application of the protein synthesis inhibitor,
anisomycin (20 M), during the LTD induction protocolserved in FM 1-43 parameters during LTD are unlikely
to reflect nonspecific effects or rundown. Rather, they blocked the long-term reduction in the fEPSP (Figure
5A), with only a short-term depression remaining. Oneappear to be causally mediated by the same process
that mediates induction of LTD. hour after the 5 Hz stimulation protocol, the magnitude
of the fEPSP remained at 98.2%  8.8% (n  5) of itsIn contrast to results with MPEP, inhibition of NMDA
receptors with D-AP5 (50 M) had no effect on either initial magnitude. This effect of anisomycin is not due
to altered synaptic transmission since this compoundthe induction of LTD or on the alteration in FM 1-43
release in response to the 5 Hz stimulation protocol had no effect on the magnitude of the field EPSP, either
during low frequency stimulation or during the 3 min(Figure 4). When the 5 Hz LTD-inducing tetanus was
omitted, we also observed no alterations in either the period of stimulation at 5 Hz (data not shown). Impor-
tantly, we found that anisomycin completely blocked allfEPSP amplitude or FM 1-43 kinetics in repeated mea-
surements during the relatively long time course of the three changes in FM 1-43 loading and unloading behav-
ior normally observed following the 5 Hz LTD inductionrecordings (Figure 4).
Further support for the view that the changes in FM protocol (Figures 5B–5F).
1-43 staining and destaining represent specific actions
associated with long-term depression comes from an What Is the Mechanism Underlying
the Presynaptic Effects of LTD?investigation of the effects of protein synthesis inhibi-
tion. Previous studies reported a striking and unex- As noted above, the induction of mGluR-LTD produced
three changes in FM 1-43 loading and unloading: a de-pected dependence on protein synthesis for both
Neuron
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Figure 4. Comparison of Actions of MPEP,
D-AP5, and Stimulation Protocols on LTD of
fEPSP and Changes in FM 1-43 Loading and
Unloading
(A) Average fEPSP slope measured 1 hr after
5 Hz LTD-induction protocol (if not stated oth-
erwise) for slices: without blockers present
(ACSF), pretreated with 50 M D-AP5, pre-
treated with 10M MPEP, or control slices
that did not receive 5 Hz stimulation (whose
fEPSP was measured at corresponding times
to other test conditions).
(B) Average rate (1/t1/2) of FM 1-43 unloading
for slices under the same conditions as in (A).
(C) Average number of boutons loaded with
FM 1-43 under similar conditions.
(D) Average number of nondestaining bou-
tons. For (A)–(D), data were normalized to the
corresponding values determined from the
initial FM 1-43 measurements before induc-
tion of LTD (see Figure 1). Each point repre-
sents a separate experiment.
crease in the number of boutons that could be loaded from the nondestaining boutons even when we used
stimulation protocols that were stronger and longer last-with dye, a decrease in rate of dye release during synap-
tic stimulation from those boutons that became labeled ing than those used to load dye initially. For the nonde-
staining boutons, application of two trains of synapticwith dye, and an increase in the number of boutons that
could be loaded with dye but failed to release dye upon stimulation at 10 Hz for 2 min (after the 4 min period
of stimulation at 1.5 Hz) did not produce any furtherfurther stimulation. What mechanisms might account for
these alterations? Might they reflect a single underlying significant decrease in fluorescence intensity (50%
intensity remaining), even though the same boutons hadmechanism?
Although a simple decrease in release probability been successfully loaded with FM 1-43 using only a
single train of 10 Hz stimulation for a period of 2 min.might explain the reduction in the rate of FM 1-43 re-
lease, it cannot underlie the increase in the number of We considered three other possible explanations for
the increase in the number of nondestaining boutons.nondestaining boutons. Thus, we failed to release dye
Figure 5. Effect of Inhibition of Protein Syn-
thesis on LTD of the fEPSP and Changes in
FM 1-43 Loading and Unloading
(A) Mean fEPSP as a function of time for slices
that were stimulated at 5 Hz for 3 min in the
presence of 20 M anisomycin.
(B and C) Frequency histograms of puncta
unloading rates (1/t1/2) from five slices before
(B) and after (C) 5 Hz stimulation in the pres-
ence of anisomycin (no significant difference;
p  0.05, Kolmogorov-Smirnov test).
(D) Average rate of puncta unloading before
and after 5 Hz stimulation in the presence
of anisomycin (no significant difference; p 
0.05, paired t test).
(E) Average number of boutons loaded with
FM 1-43.
(F) Average number of boutons that failed to
destain after unloading.
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First, such boutons might have become damaged or nondestaining boutons per microscopic field in a given
slice (range 15.6%–41.7%; Figures 6B, 6C, and 6F).unhealthy between the dye loading period and the dye
unloading period and so could no longer undergo stimu- The reduction in FM 1-43 fluorescence by FM 4-64
required synaptic activation and transmitter release, be-lated exocytosis (although any such effect would have
to be specific to conditions that are permissive for LTD cause it did not occur when slices were stimulated in a
Ca2-free bath solution (data not shown). These resultsinduction; see Figure 3). Second, FM 1-43 that had been
loaded into such boutons might have become seques- suggest that, following induction of LTD, a significant
fraction of terminals that contained trapped FM 1-43 istered in a reserve pool of vesicles or in an internal com-
partment (such as an endosome) from which it could still functional and able to undergo action potential-
evoked vesicle exocytosis that leads to the uptake ofnot be released. Third, such boutons might have under-
gone a switch in their mode of exocytosis from one FM 4-64 (and quenching of FM 1-43 fluorescence). In
contrast to the above results, which were obtained forinvolving full fusion of a synaptic vesicle with the plasma
membrane to a kiss-and-run mode of release that in- nondestaining boutons following induction of LTD, in
control slices in which LTD was not induced, very fewvolves the transient opening of a fusion pore (Ceccarelli
et al., 1973). of the nondestaining boutons (6.1% 2.5%, range 0%–
16.1% of puncta per ROI) were quenched by stimulationConversion to fusion pore release was previously pro-
posed by Henkel and Betz (1995) to explain the appear- in the presence of FM 4-64 (Figures 6B and 6F). This
indicates that the nondestaining boutons that exist be-ance of nondestaining terminals at the neuromuscular
junction. Although this group now offers a different ex- fore induction of LTD differ from the nondestaining bou-
tons that appear after LTD is induced.planation for their original observations (Becherer et al.,
2001), their initial reasoning is still valid. Because of its Might the increase in the number of nondestaining
boutons during LTD reflect the trapping of FM 1-43 inamphiphilic nature, FM 1-43 departitions from mem-
branes much more slowly ( 2.5 s) (Klingauf et al., 1998) an internal compartment from which it cannot recycle
to be released? This hypothesis predicts that therecompared to the rapid rate at which it enters vesicles (
for loading 	 10 ms) (Stevens and Williams, 2000), by should be a significant delay between FM 4-64 loading
and FM 1-43 quenching, due to the time required forvirtue of its high rate of diffusion through the aqueous
environment. As a result, if vesicles undergo exocytosis endocytosis and the trafficking of FM 4-64 to either an
endosome or reserve pool of vesicles (Klingauf et al.,through a fusion pore that remains open for relatively
brief times (e.g., 1 s), then FM 1-43 might be able to 1998). However, we observed no lag in the rate of FM
1-43 quenching by FM 4-64 uptake during the 10 Hzenter and load the vesicle efficiently during a single
fusion pore opening but might fail to be fully released stimulation (Figure 6D).
The rapid quenching of FM 1-43 fluorescence in non-from such vesicles during subsequent fusion pore
openings. destaining boutons by FM 4-64 is consistent with a fu-
sion pore mode of release that traps FM 1-43 in vesiclesWe attempted to distinguish among the above models
by asking whether the nondestaining boutons were capa- but permits the rapid entry into the vesicles of FM 4-64,
due to aqueous diffusion through the fusion pore. Be-ble of loading, in a synaptic activity-dependent manner,
a second dye, FM 4-64, that is structurally similar to FM cause the rate with which FM 4-64 quenches the fluores-
cence of FM 1-43 in nondestaining boutons is similar to1--43 but which has a red-shifted absorption and emis-
sion spectra (Figure 6). Due to the overlap between the the rate at which FM 1-43 is released from the destaining
boutons (Figure 6E, both measured after induction ofexcitation spectrum of FM 4-64 and the emission spec-
trum of FM 1-43, there can be considerable fluorescence LTD), the probability with which a vesicle undergoes
exocytosis must be similar for both the destaining bou-energy transfer (FRET) from FM 1-43 to FM 4-64, provid-
ing the two dyes are very close, separated by a tons and nondestaining boutons (following induction of
LTD). The only difference between the destaining anddistance 100 A˚ (Rouze and Schwartz, 1998). Thus if
FM 4-64 is taken up into the same internal compartment nondestaining boutons lies in their mode of exocytosis,
once exocytosis has been triggered.in which FM 1-43 has become trapped, we should observe
a decrease in fluorescence intensity at the FM 1-43 emis- A further prediction of the fusion pore model is that
a dye that binds less tightly to the membrane shouldsion wavelength due to transfer of energy to FM 4-64.
Following the induction of LTD, we first identified non- escape more readily from the vesicle during the brief
opening of the fusion pore, and so should be less sensi-destaining boutons using a 6 min period of stimulation
at 10 Hz (Unload 1) to release dye fully from those bou- tive to the switch from full fusion to fusion pore modes
of release, compared to dyes that bind tightly to mem-tons that were capable of destaining. To test whether
the nondestaining boutons were functional, we applied branes, like FM 1-43. We therefore examined the effects
of LTD on the kinetics of release of FM 2-10, a dye thata second round of 10 Hz stimulation (Unload 2), either
in the presence or absence of FM 4-64 (Figure 6A). In is smaller and less hydrophobic than FM 1-43 and that
is released from membranes 4-fold more rapidly (Klin-the absence of FM 4-64, the nondestaining boutons
failed to release additional dye during this round of stim- gauf et al., 1998). Consistent with the fusion pore model,
we found that the kinetics of FM 2-10 release were lessulation (Unload 2; Figure 6F). However, when we applied
the second round of stimulation in the presence of FM sensitive to induction of LTD than were the kinetics of
FM 1-43 release (Figure 7). Thus, whereas LTD caused4-64, a significant fraction of puncta that were unable
to release FM 1-43 during the first unloading period a 38% decrease in the rate of FM 1-43 destaining, we
observed only a 27% decrease in the rate of FM 2-10now showed a rapid loss of 50% of their FM 1-43
fluorescence. On average, FM 4-64 was able to quench destaining. Prior to induction of LTD, the rates of FM
2-10 and FM 1-43 release from membranes (during asignificantly the fluorescence of 25.8%  3.9% of the
Neuron
1106
Figure 6. Activity-Dependent Quenching of FM 1-43 Fluorescence in Nondestaining Boutons by FM 4-64
(A) Experimental protocol showing periods of stimulation and FM 1-43, ADVASEP-7, and FM 4-64 application (durations not drawn to scale).
(B) Images of fluorescence in a field in stratum radiatum of CA1. Left: images from a control slice obtained after 1 hr incubation in ACSF
without induction of LTD. Right: images from a slice obtained 1 hr after induction of LTD. Top: FM 1-43 fluorescence remaining after Unload
1 (two trains of 10 Hz stimulation for 3 min), showing nondestaining boutons. Bottom: FM 1-43 fluorescence of nondestaining boutons that
remained after the second round of stimulation in the presence of FM 4-64 (Unload 2, 10 Hz for 3 min). Arrows show all puncta whose
fluorescence intensity decayed by more than 50% during Unload 2 (presumably due to quenching by FM 4-64). Scale bar 3 m.
(C) Time course of FM 1-43 fluorescence decay during Unload 2 for 12 representative puncta in a single slice after induction of LTD. Five
puncta showed a quenching of their FM 1-43 fluorescence by FM 4-64 whereas seven puncta did not.
(D) Comparison of mean time course of FM 1-43 release from destaining boutons during Unload 1 (closed squares; averaged from 89 puncta
from 4 slices) with the time course of quenching of FM 1-43 fluorescence by FM 4-64 for nondestaining boutons during Unload 2 (open circles;
averaged over 39 puncta from 8 slices). The more rapid rate of dye release (and quenching) in this experiment compared to that in previous
figures is due to the more rapid rate of stimulation during these unloading protocols (10 Hz versus 1.5 Hz in previous experiments). Data in
(D) and (E) are from slices after induction of LTD.
(E) Average rate of FM 1-43 release from destaining boutons during Unload 1 compared with average rate of FM 1-43 quenching by FM 4-64
for nondestaining boutons during Unload 2.
(F) Percent of nondestaining boutons that showed a 50% decay of FM 1-43 fluorescence intensity during Unload 2. Each point represents
a separate experiment. Data obtained in the presence () or absence () of FM 4-64 during Unload 2 from slices in which LTD had (LTD) or
had not (control) been induced 1 hr previously.
1.5 Hz stimulation) were very similar, suggesting that with dye in an activity-dependent manner, an increase
in the number of boutons that loaded with dye but failedunder basal conditions, release proceeds primarily
through a full fusion mechanism (Klyachko and Jackson, to release dye with subsequent stimulation, and a de-
crease in the rate of dye release from those boutons2002) and that endocytosis must be relatively slow
(Sankaranarayanan and Ryan, 2001). that did destain. We previously showed that the rate of
dye release could provide a reliable index of the proba-
bility of transmitter release, using a number of well ac-Discussion
cepted methods for altering release probability (Zakha-
renko et al., 2001). However, several of our presentOur results, based on alterations in the kinetics of load-
results are inconsistent with a simple change in releaseing and unloading of the synaptic vesicle marker FM 1-43
probability as the sole mechanism underlying the pre-from presynaptic terminals, indicate that mGluR-LTD is
synaptic changes during LTD. In particular, our findingassociated with pronounced changes in vesicle cycling
that LTD causes a greater slowing of FM 1-43 releasein the presynaptic terminal. We observed a decrease in
the number of presynaptic boutons that could be loaded compared to FM 2-10 release cannot readily be ex-
LTD Alters Mode of Exocytosis
1107
Figure 7. Comparison of Effect of LTD Induc-
tion on the Rate of FM 2-10 and FM 1-43
Unloading for Destaining Boutons
(A) The mean time course of FM 2-10 un-
loading from presynaptic boutons before
(closed circles) and after (open circles) induc-
tion of LTD (n  4 slices).
(B) The mean time course of FM 1-43 un-
loading from presynaptic boutons before
(closed squares) and after (open squares) in-
duction of LTD (n  8 slices).
(C) Comparison of the time course of FM 2-10
(solid circles) and FM 1-43 (closed squares)
unloading in slices before induction of LTD.
(D) Comparison of the time course of FM 2-10
(open circles) and FM 1-43 (open squares)
unloading in slices after induction of LTD.
(E) Average rates of destaining for boutons
loaded with FM 1-43 and FM 2-10 before and
after induction of LTD by 5 Hz stimulation
(*p  0.05).
plained by a change in the probability of vesicle fusion by an increase in vesicle endocytosis rates, this model
cannot by itself explain the decrease in the EPSP duringand transmitter release. Rather, our results suggest
some mechanism associated with LTD that restricts the LTD. Moreover, it cannot readily account for the de-
crease in the number of terminals that can be loadedefflux of dye during exocytosis.
These results are consistent with a change in the with dye.
Release through a fusion pore is an attractive modelmode of exocytosis during LTD, involving a switch from
a full fusion mode of release (Figure 8A) to a fusion pore because it provides a single mechanism that can ac-
count for the three major changes we observe in FMmode of release (Figure 8B1). According to this view,
mGluR-LTD would represent the functional inverse of 1-43 loading and unloading during LTD. Previous studies
have shown that the properties of fusion pores are notthe switch between a fusion pore mode of release to a
full fusion mode of release that has been proposed to fixed but can be regulated; there can be a range of
fusion pore behaviors suggestive of different diametersoccur at silent synapses undergoing NMDA receptor-
dependent LTP (Choi et al., 2000). Alternatively, LTD or different open times (Burgoyne et al., 2001; Wang et
al., 2001). In some instances, the fusion pore openingcould produce a very large increase in the rate of endo-
cytosis following a normal full fusion release event (Fig- is thought to be either too narrow or to brief to permit
any loading of FM 1-43 (Stevens and Williams, 2000);ure 8B2). According to this model, endocytosis would
be so fast that there would be insufficient time for com- this could explain the decrease we observe during LTD
in the total number of puncta that become labeled withplete dye release following exocytosis before the vesicle
membrane is retrieved. Rates of endocytosis ranging dye. If the fusion pore open time is very long, it could
permit the efflux of FM 1-43, but at a reduced rate com-from values as high as 1 per second (Sankaranarayanan
and Ryan, 2001) up to10 per second (Sun et al., 2002) pared to full fusion due to the relatively narrow diameter
of the fusion pore; this could explain the behavior of thehave been reported, which are significantly faster than
the rate of FM 1-43 departitioning from the membane majority of boutons we observe following the induction
of LTD that continue to load and release FM 1-43, but(0.4 per second) (Klingauf et al., 1998). As a result, a
decrease in rate of dye release during stimulation would with a decreased rate of release. Finally, boutons that
release through a fusion pore with intermediate durationoccur since several cycles of exocytosis by a single
vesicle might be required for complete dye loss. How- openings (Klyachko and Jackson, 2002) might be able
to load FM 1-43 but not release it, as argued above.ever, because transmitter release should be unchanged
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Figure 8. Models for Altered Synaptic Vesicle
Cycling during LTD
(A) Before LTD. From left to right, a primed
synaptic vesicle loaded with transmitter
(green dots) and FM 1-43 (red hexagons)
fuses with the presynaptic terminal via a tran-
sient fusion pore that then rapidly expands
to full fusion, rapidly releases soluble trans-
mitter, more slowly releases FM 1-43, and is
retrieved by slow endocytosis.
(B) After LTD. Two models for altered release:
(1) switch to fusion pore mode; (2) switch to
rapid endocytosis. In model 1, a primed vesi-
cle filled with transmitter and FM 1-43 fuses
with the presynaptic membrane via a nonex-
panding fusion pore, releases transmitter rel-
atively slowly through the fusion pore, and
terminates release through closure of the fu-
sion pore, preventing the escape of FM 1-43.
In model 2, transmitter is released as in (A)
(before LTD), but the vesicle is retrieved
through rapid endocytosis, preventing the es-
cape of dye.
Our finding that, before induction of LTD, the rate of view this as unlikely. Conversely, a switch to a fusion
pore mode of release that causes relatively smallFM 1-43 release is similar to that of the more rapidly
dissociating dye FM 2-10 (Figure 7) suggests that re- changes in FM dye kinetics could have considerably
larger effects on synaptic transmission, due in part tolease from the destaining boutons may be mediated
largely by a full fusion mechanism under basal condi- the nonlinear relation between transmitter concentration
and EPSP size.tions. At first glance, these results are in seeming contra-
diction to the results of Choi et al. (2000), who found a Regardless of the precise mechanism involved in reg-
ulating vesicle cycling, our data clearly indicate thatconversion of release from a fusion pore mode (under
basal conditions) to a full fusion mode following induc- mGluR-LTD is intimately associated with a series of sig-
nificant changes in function of the presynaptic terminalstion of LTP. However, Choi et al. (2000) focused on the
subpopulation of synapses that were silent, whereas of CA3 pyramidal neurons. Because the induction of
mGluR-LTD was previously shown to depend on an ele-our measurements did not preselect between silent and
nonsilent synapses. Thus, we may have missed a contri- vation of [Ca2]i in the postsynaptic CA1 neuron (Bolsha-
kov and Siegelbaum, 1994; Oliet et al., 1997), our find-bution from a minor population of presynaptically silent
synapses that release through a fusion pore mechanism ings of a presynaptic change imply the existence of a
retrograde messenger generated by the CA1 neuron thatunder basal conditions. Indeed, the 20% of FM 1-43
loaded puncta that we observe, under basal conditions, signals to the CA3 neuron presynaptic terminal. mGluR-
LTD has been shown to recruit p38 MAP kinase in thethat fail to release FM 1-43 may correspond to this popu-
lation of silent synapses. This number is in good agree- postsynaptic CA1 neuron (Bolshakov et al., 2000), where
it may function to activate phospholipase A2 and gener-ment with estimates of Stevens and Williams (2000) for
the fraction of release that occurs through a fusion pore ate arachidonic acid metabolites that could then serve
as retrograde signals (Bolshakov and Siegelbaum,in dissociated hippocampal cultures. Recently, Kly-
achko and Jackson (2002) reported the first direct mea- 1995a; Normandin et al., 1996). Future direct studies of
the effects of such candidate molecules on presynapticsurements of a fusion pore mode of release through
small, clear vesicles, similar to those responsible for fast function, using FM 1-43 cycling as an assay, provide
a promising approach for dissecting out presynapticsynaptic transmission. Their results also indicate that
this mode of release accounts for a relatively minor versus postsynaptic functions of specific molecular sig-
nals in synaptic plasticity.fraction of release events (5%).
Although our experiments provide strong evidence
that induction of mGluR-LTD has significant effects on Experimental Procedures
presynaptic function, our results do not provide a quanti-
Electrophysiologytative measure of the extent to which the changes in
Whole brain coronal slices (300 m) were prepared from neonatalpresynaptic vesicle cycling contribute to the decrease
(P4–P9) mice. Slices containing the dorsal part of the hippocampusin synaptic transmission. It is possible that the changes
were continuously superfused with artificial cerebrospinal fluid
we measure have little functional effect on synaptic (ACSF) containing: 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM
transmission; although, given the marked alterations MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, 0.1 mM picrotoxin, and
10 mM dextrose, with 95% O2/5% CO2 at 22
C (3–4 ml/min). Fieldduring LTD of several aspects of vesicle cycling, we
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potentials from the CA1 stratum radiatum were recorded with an Puncta were initially identified by a semiautomated procedure
written in IDL based on three criteria (Zakharenko et al., 2001):extracellular glass pipette (3–5 M) filled with ACSF. Schaffer collat-
eral/commissural fibers in the stratum radiatum were normally stim- (1) fluorescence intensity greater than 1.5  SD above the mean
background, (2) diameter between 0.3 to 1.8 m, and (3) a roughlyulated at 0.017 Hz with a bipolar tungsten electrode placed 60–70
m away from the recording pipette. Stimulation intensities were circular shape. Fluorescence measurements were made by spatially
averaging signals over a region centered over each of the identifiedchosen to produce a field EPSP whose slope was half that obtained
with maximal stimulation. LTD was induced electrically using 5 Hz puncta for each time point during the unloading protocol. Images
at successive time points were checked for overlap to help trackstimulation for 3 min at a stimulus intensity that was 50% of that
required to produce a maximal EPSP. puncta, which underwent small random movements. Puncta that
underwent considerable lateral movement or more than 20% loss
of their fluorescent intensity without synaptic stimulation due toFM 1-43 Loading and Unloading
photobleaching were excluded from the analysis. The synaptic ac-The patch pipette used for field EPSP recordings was filled with
tivity-dependent component of FM 1-43 or FM 2-10 fluorescenceACSF containing 10–25 M FM 1-43 or 100–200 M FM 2-10 and
was measured for each punctum by subtracting its residual fluores-placed into the CA1 stratum radiatum region at a depth of100–150
cence intensity measured after prolonged electrical stimulation thatm. After recording a stable baseline of synaptic transmission, posi-
produced maximal unloading (1.5 Hz stimulation for 4 min followedtive pressure was applied for 3.5 min to eject FM 1-43 or FM 2-10
by 10 Hz stimulation for 2 min). The spatially averaged, activity-into the slice. After 1 min of dye ejection, a train of 1200 stimuli (at
dependent fluorescence intensity value for each punctum obtained10 Hz) in the presence of D-AP5 (50 M) and MPEP (10 M) was
at each time point during the 1.5 Hz unloading procedure was thenapplied to the Schaffer collaterals to load the dye into synaptic
normalized by the initial fluorescence intensity of that punctum fol-vesicles in the presynaptic terminals. The dye injection period ex-
lowing the FM 1-43 or FM 2-10 loading procedure, prior to unloading.tended 30 s past the duration of the loading stimuli to ensure that
The halftime of decay of intensity during unloading (t1/2) was thenendocytosis (and dye uptake) was complete. This protocol maxi-
measured.mally loaded dye into the terminals. Previously, we found that the
staining and unloading were not altered by inclusion of CNQX to
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